SR-protein kinases (SRPKs) and their substrates, serine/arginine-rich pre-mRNA splicing factors, are key components of splicing machinery and are well conserved across phyla. Despite extensive biochemical investigation, the physiological functions of SRPKs remain unclear. In the present study, cDNAs for SPK-1, a C. elegans SRPK homologue, and CeSF2, an SPK-1 substrate, were cloned. SPK-1 binds directly to and phosphorylates the RS domain of CeSF2 in vitro. Both spk-1 and CeSF2 are predominantly expressed in germlines. RNA interference (RNAi) experiments revealed that spk-1 and CeSF2 play an essential role at the embryonic stage of C. elegans. Furthermore, RNAi studies demonstrated that spk-1 is required for germline development in C. elegans. We provide evidence that RNAi, achieved by the soaking of L1 larvae, is bene®cial in the study of gene function in post-embryonic germline development. q
Introduction
Serine/arginine-rich (SR) proteins comprise a family of essential factors involved in pre-mRNA splicing, which plays an important role in both constitutive and alternative splicing (Blencowe, 2000) . These proteins are highly conserved in metazoa and are characterized by one or two RNA recognition motifs (RRMs) occurring at the amino terminus and a serine/arginine-rich domain (RS domain) occurring at the carboxy terminus (Zahler et al., 1992; Caceres and Krainer, 1993) . SR proteins are known to be phosphorylated in the SR domain (Kohtz et al., 1994; Gui et al., 1994b) . Although its physiological role remains unknown, phosphorylation of SR proteins affects their protein-protein and protein-RNA interactions (Xiao and Manley, 1997) as well as alternative splicing of premRNA (Duncan et al., 1997) . Based on studies on mammalian nuclear extracts, it has been demonstrated that both phosphorylation and dephosphorylation of SR proteins are required for pre-mRNA splicing. Phosphorylation of SR proteins may promote spliceosome assembly by facilitating speci®c protein interactions while preventing SR proteins from binding randomly to RNA (Xiao and Manley, 1997) . Once a spliceosome has formed, dephosphorylation of SR proteins is necessary in order to permit the transesteri®cation reaction (Cao et al., 1997) .
Recently, human type 2C Ser/Thr phosphatase PP2C was reported as essential during the early stages of spliceosome assembly. Physical association with the spliceosome in vitro was also noted (Murray et al., 1999) . Consequently, the sequential phosphorylation and dephosphorylation of SR proteins may mark the transition between stages in one round of the splicing reaction. To date, several kinases have been reported to phosphorylate SR proteins. Examples include snRNP-associated kinase (Woppmann et al., 1993) , SRPK family kinases (Gui et al., 1994b; Kuroyanagi et al., 1998) , Clk/Sty family kinases (Colwill et al., 1996; Nayler et al., 1997) , DNA topoisomerase I (Rossi et al., 1996) and p34cdc2 kinase (Okamoto et al., 1998) . SRPK1 was puri®ed and cloned on the basis of its ability to phosphorylate SC35 or other SR proteins in vitro (Gui et al., 1994b) . SRPK2, for which we isolated a mouse brain cDNA, also speci®cally phosphorylates SF2/ ASF as does SRPK1 (Kuroyanagi et al., 1998) . In addition, SRPK2 is identical to WBP6, a cDNA fragment encoding a WW-domain-binding protein, which was isolated in a twohybrid screen (Bedford et al., 1997) . A human cDNA for SRPK2 has been isolated from a fetal brain library (Wang et al., 1998) . We recently reported the complex formation of SRPKs and SF2/ASF, which is in¯uenced by the phosphorylation state of SF2/ASF (Koizumi et al., 1999 ). SRPK's are highly related to the ®ssion yeast kinase Dsk1. Dsk1 was isolated as a multicopy suppressor for a cold-sensitive dis1 mutant, which affects chromosome segregation during mitosis (Wang et al., 1998 ). An SRprotein-speci®c kinase, Sky1p from budding yeast, has been cloned and characterized (Siebel et al., 1999) .
Caenorhabditis elegans is an excellent model to study the development and neurobiology of multicellular organisms. Recently, double-stranded RNA-mediated interference (RNAi) has been shown to speci®cally silence genes in a sequence-speci®c manner so as to mimic the mutant phenocopy, facilitating loss-of-function gene analyses Tabara et al., 1998) . Although a detailed mechanism of silencing remains unclear, the absence of mature mRNAs has been shown Montgomery et al., 1998) . Sequencing of the C. elegans genome has been nearly completed. Consequently, many C. elegans genes have been shown to possess structural counterparts occurring in higher organisms (The C. elegans Sequencing Consortium, 1998). C. elegans genes are comprised of exons and introns similar to those found in other animals (Blumenthal and Steward, 1997) . Therefore, cis-splicing is required to generate mature mRNAs. Furthermore it is estimated that approximately 70% of C. elegans mRNAs are trans-spliced to common spliced leader sequences, SL1 or SL2. In addition, approximately 25% of mRNAs are transcribed in operons (Zorio et al., 1994) . These advantageous characteristics make C. elegans a most useful model organism in the investigation of the physiological role of genes implicated in premRNA processing.
We report the cDNA cloning and characterization of C. elegans SRPK and CeSF2. Furthermore, we demonstrate by RNAi analyses that SRPK and CeSF2 are required for embryogenesis in C. elegans and that SRPK is essential in germline development.
Results
2.1. C. elegans possesses genes for a set of SR-proteins and an SR-protein speci®c kinase, SPK-1
In order to examine the in vivo function(s) of SR proteins and SR-protein kinases (SRPKs), the C. elegans genome database was searched. One sequence homologous to mammalian SRPKs and six genes homologous to SR proteins were identi®ed. The putative SR proteins appeared to correspond to human SRp20, SF2/ASF, SC35, SRp40, SRp55 and SRp75 of the eight mammalian SR proteins identi®ed thus far (data not shown). Several cDNA clones corresponding to the C. elegans SRPK were identi®ed as expressed sequence tags (ESTs) by Yuji Kohara (NIG, Japan). One of these clones, yk383b1, was sequenced and utilized in the further characterization of C. elegans SRPK. The complete nucleotide sequence of yk383b1, 2295 base pairs (bp) in size, was deposited in the GenBank database under accession no. AF241656.
Comparison of the cDNA sequence with the corresponding genomic sequence (cosmid clone B0464, GenBank accession no. Z19152) indicated that the gene contained at least 11 exons (Fig. 1A) . Reverse transcriptase PCR (RT-PCR) was performed in order to obtain the 5 H sequence of the cDNA. A cDNA fragment was successfully ampli®ed with SL1-and gene-speci®c primers. Sequencing of the fragment con®rmed that SL1 was coupled to nt 52 of yk383b1 (Fig. 1A) . Within the yk383b1 sequence, a single open reading frame (ORF) was located with the initiation codon at nt 80±82, 28 bp downstream from the SL1-attachment site, and the termination codon at nt 2174±2176 (Fig. 1A) . This sequence encoded a protein of 698 amino acid (aa) residues. Due to its high degree of sequence homology and characteristic kinase activity (see below), the protein was regarded as an SRPK homologue of C. elegans. Consequently, it was designated SPK-1 for SR-protein kinase-1. H -UTR. The ORF is shaded. A kinase domain appears in black. Lines over boxes represent a cDNA fragment utilized as a template in the synthesis of probes for in situ and Northern hybridization (Fig. 3) and of dsRNA for RNAi experiments (Figs. 4±7). (B) Multiple amino acid sequence alignment of SRPKs from nematode, human, mouse and yeast. The alignment was effected with the Clustal W program. Identical aa residues among ®ve or more of these kinases are shown in black boxes. Conserved residues are indicated by gray boxes. Gaps (.) are introduced so as to maximize the alignment. Kinase subdomains (I±XI) are indicated below the alignment. hSRPK1, human SRPK1 (GenBank acc. no. U09564); mSRPK1, mouse SRPK1 (AB012290); hSRPK2, human SRPK2 (U88666); mSRPK2, mouse SRPK2 (AB006036); Sky1p, S. cerevisiae Sky1p (S55098); Dsk1, S. pombe SR protein kinase (D13447). (C) Sequence alignment of SF2/ASF proteins from nematode and human. The alignment was completed as described above. Black and gray boxes indicate identical and similar aa residues, respectively. Conserved RNP-1 and RNP-2 submotifs within each RRM (Birney et al., 1993) , glycine-rich region (G-rich) and RS domain are denoted below the alignment. Human SF2/ASF sequence was retrieved from the GenBank database (acc. no. Q07955).
Although the gene, B0464.5, had been predicted as encoding a putative SR protein kinase (C. elegans hypothetical kinase; CEHK) (Gui et al., 1994a) , the prediction of several exons was incompatible with our sequence data. Northern blot analyses revealed a single transcript of approximately 3.1 kb in the wild-type strain (Fig 3E) . Homology search analyses indicated that SPK-1 is most homologous to human SRPK1 (hSRPK1), exhibiting 40% overall identity. A multiple sequence alignment of SRPK-related kinases is shown in Fig. 1B . As in all SRPKs, a spacer domain divides the kinase domain in SPK-1. Sequence comparison of SPK-1 and human SRPK1 showed 64±66% aa homology in the kinase catalytic domain. A basic region in the spacer domain is conserved in SPK-1 (aa 321±333), mammalian SRPK1 and SRPK2, but not in Dsk1 or Sky1p. This observation suggests a diversity among yeast kinases relative to SRPKs. Another N-terminal basic region is found in SPK-1 (aa 15±25) and mammalian SRPK1; however, it does not occur in SRPK2 or yeast kinases.
RT-PCR was employed in the characterization of C. elegans SR protein homologues. Primers were designed based on unordered fragmental sequences of cosmid clone Y111B2 (GenBank accession no. Z98857), which was most homologous to mammalian SF2/ASF, one of the most characterized members of the SR protein family. Employing SL1-and gene-speci®c primers, a cDNA fragment was successfully ampli®ed and sequenced. The nucleotide sequence of the cDNA fragment was deposited in the GenBank database under accession no. AF242767. The cDNA encoded a protein of 287 aa residues exhibiting characteristics of the SR protein family. Homology search analyses of the predicted protein revealed that it is more closely related to mammalian SF2/ASF than to any other mammalian SR proteins. It was, therefore, named CeSF2. The aa sequence is shown in Fig. 1C , aligned with that of human SF2/ASF (hSF2/ASF). Both sequences possess two RRMs, consisting of RNP-1 and RNP-2 submotifs in the Nterminal moiety, a glycine-rich region in the middle and an RS domain at the C-terminus. Two RRMs occurring in CeSF2 (aa 10±85 and 124±195) are 63 and 83% identical to the corresponding RRMs of human SF2/ASF, respectively. The RS domain (aa 209±258) demonstrated 48% homology. Recombinant GST-CeSF2 protein or its variants were incubated with puri®ed His-SPK-1. Glutathione beads were then added prior to further incubation. Following repeated washing of the beads, SPK-1 activity was detected upon addition of His-CeSF2 and [g 32 P]-ATP as substrates. Lane 1, His-CeSF2; 2, GST; 3, GST-DRS; 4, GST-D230; 5, GST-D247; 6, GSTCeSF2; 7, GST-hSF2.
SPK-1 binds directly to and phosphorylates CeSF2 in vitro
In order to characterize the properties of SPK-1 and CeSF2, recombinant proteins were prepared. Recombinant SPK-1 (His-SPK-1) phosphorylated glutathione S-transferase (GST)-fused CeSF2 (GST-SF2) ( Fig. 2A , lane 1) and His-tagged CeSF2 (His-CeSF2) (Fig. 2C , lane 1 of the middle panel), demonstrating its intrinsic kinase activity. Other proteins were utilized in an effort to con®rm the preferential phosphorylation of SR proteins by SPK-1 ( Fig. 2A) . Little or no phosphorylation was observed for GST alone (lane 2), myelin basic protein (MBP) (lane 3) and histone H1 (lane 4). Truncation mutants of CeSF2 were prepared as fusion proteins to GST in order to examine its phosphorylation site (Fig. 2B ,C, top and middle panels). SPK-1 phosphorylated GST-D230 (aa 1±230) (lane 4) and GST-D247 (aa 1±247) (lane 5) but failed to phosphorylate GST alone (lane 2) or GST-DRS (aa 1±210) (lane 3). SPK-1 also phosphorylated GST-fused human SF2/ASF (GST-hSF2) (lane 7). Essentially the same results were obtained when mouse SRPK1 was used in lieu of C. elegans SPK-1 (data not shown). These results demonstrated that SPK-1 preferentially phosphorylates SR proteins in the RS domains.
Mammalian SRPKs have been shown to bind to SF2/ASF in vitro (Koizumi et al., 1999) . The binding properties of SPK-1 to CeSF2 were analyzed by GST pull-down kinase assay (Fig. 2C, bottom panel) . SPK-1 associated with GSTCeSF2 (lane 6) but not with GST alone (lane 2), demonstrating that SPK-1 binds directly to CeSF2 in vitro in the absence of ATP. A faint signal detected in lane 5 indicated that D247 protein lacking the 11 aa residues comprising the C-terminus was also bound to SPK-1; however, the association was relatively weak in comparison to that of the full-length CeSF2. In contrast, GST-D230 did not bind to SPK-1 (lane 3) despite it possessed residue(s) to be phosphorylated. These results indicated that SPK-1 binds to CeSF2 and that the association requires more than a stretch of RS-repeat/phosphorylation sites (aa 211±230) in the RS domain.
Both spk-1 and CeSF2 are predominantly expressed in adult germline
Whole-mount in situ hybridization (Fig. 3A±D ) was performed in order to investigate the tissue expression of spk-1 and CeSF2 in adult hermaphrodites. Hybridization signals were detected speci®cally in gonads with antisense riboprobes corresponding to spk-1 (panel A) and CeSF2 (panel C). Sense probes provided no detectable signal (panels B and D). Northern blot analysis of spk-1 showed a diminished signal in a temperature-sensitive mutant strain glp-4 (bn2) raised at non-permissive temperature, which had underproliferated germlines (Fig. 3E ). These data demonstrated that spk-1 and CeSF2 are predominantly coexpressed in adult hermaphrodite germlines, suggesting that they may be involved in embryonic and/or germline development.
2.4. spk-1 (RNAi) resulted in either sterility or embryonic lethality of F1 progeny Double-stranded RNA mediated interference (RNAi) was performed in order to elucidate the in vivo function of spk-1 and CeSF2 in C. elegans. The progeny (F1) of animals microinjected with spk-1 dsRNA (P0s) exhibited one of two phenotypes, embryonic lethality or sterility. F1 progeny were pooled within every 6-hr time window so as to further investigate the relationship between the spk-1 (RNAi) phenotype and the time point of egg laying following microinjection. Fig. 3 . In situ and northern hybridization. (A±D) Whole-mount in situ hybridization of spk-1 and CeSF2 was performed with antisense and sense riboprobes labeled with digoxigenin-UTP. Hybridization signals given by antisense probes were detected speci®cally in gonads for both spk-1 (A) and CeSF2 (C). Sense probes gave only residual signals (B and D, respectively) . (E) Northern blot analysis of spk-1 transcript detected by Fluorescein-labelled DNA probe. Lane 1, a wild-type strain (N2); 2, glp-4 (bn2ts) hermaphrodites raised at 258C. Equal amounts (20 mg) of total RNAs were applied and absence of degradation was con®rmed by ethidium bromidestaining (right panel). Positions of 28S (3.5 kb) and 18S (1.8 kb) ribosomal RNAs are indicated.
Phenotype was then examined (Fig. 4A ). F1 animals of spk-1 (RNAi) were either embryonic lethal or sterile; the proportion of embryonic lethality gradually increased along the time course. These tendencies were consistent in F1 animals from every P0 animal (data not shown). On the other hand, all CeSF2 (RNAi) F1 progeny exhibited consistent embryonic lethality (Fig. 4A) . Preliminary experiments on a gene EEED8.7, which encodes for another C. elegans SR protein homologous to mammalian SC35, did not demonstrate such a high penetrance of embryonic lethality (data not shown). This ®nding indicated that embryonic lethality of CeSF2 (RNAi) was not due to`cross-interference'.
Time-dependent biphasic phenotypes are not common in mutant strains or RNAi experiments. Therefore, an alternative method of RNAi was employed so as to con®rm this phenomenon. This procedure entailed the soaking of L4 larvae in a series of diluted dsRNA solutions (Fig. 4B) . The results were quite consistent with those obtained by microinjection. Most F1 embryos of spk-1 (RNAi) at a concentration of 0.30 mg/ml dsRNA, laid soon after recovery, developed into sterile adults, whereas the proportion of lethal embryos gradually rose to 100%. spk-1 (RNAi) in concentrations of up to 2.7 mg/ml resulted in similar ®ndings (Fig. 4B and data not shown). CeSF2 (RNAi) at a concentration of 5.3 mg/ml resulted in consistent embryonic lethality. CeSF2 (RNAi) at concentrations of 1.8 mg/ml or less resulted in lower and gradually decreasing penetrance (Fig. 4B and data not shown).
The RNAi soaking technique was also applied to ama-1, a ubiquitous essential gene. ama-1 encodes for the largest subunit of RNA polymerase II in C. elegans (Bird and Riddle, 1989) as a class I maternally supplied RNA (Seydoux and Fig. 4 . Time course analyses of spk-1 (RNAi) and CeSF2 (RNAi) phenotypes. (A) Phenotype analyses of F1 progeny derived from RNAi by microinjection. N2 hermaphrodites at the L4 stage (P0s) were microinjected with dsRNA of spk-1 or CeSF2 or buffer. P0 animals were transferred to a fresh plate every six hours. Dead embryos were counted 24 h after removal of P0. Sterility of F1 progeny was scored three days following removal of P0. Each column represents the ratio of F1 progeny generated within each time window (inset). Black bars represent dead embryos; gray bars, sterile adults; white bars, fertile adults. N, number of P0 animals assayed; n, mean number of F1 progeny per P0 animal. (B) Phenotype analyses of F1 progeny derived from RNAi by soaking. N2 hermaphrodites at the L4 stage (P0) were incubated in dsRNA solution or soaking buffer for 30 h and recovered. Phenotypes of F1 progeny were analyzed as described above. The concentration of each dsRNA solution is indicated above the graph. The results are displayed as described above. Fire, 1994) . Findings for ama-1 (RNAi) were similar to those observed for CeSF2, i.e. consistent lethality and a gradual decrease of penetrance at lower concentrations (data not shown). These results indicated that sterility of F1 progeny in early time windows was a reproducible characteristic of the spk-1 gene. Additionally, the observations indicated that sterility was not caused by weaker interference with essential genes due to lower concentrations of dsRNA.
spk-1 and CeSF2 are required for embryogenesis
The terminal morphology of the arrested embryos of spk-1 (RNAi), CeSF2 (RNAi) and ama-1 (RNAi) were observed (Fig. 5) . RNAi obtained by microinjection and by soaking displayed essentially consistent results. Most embryos of spk-1 (RNAi) were arrested at early embryogenesis exhibiting approximately 100 cells in aberrant organization (Fig. 5A) . The cells had various sizes and shapes; some cells had colored grains and others were twitching. This observation suggested that certain cells were capable of differentiation despite the signi®cant impact on organization and morphogenesis. Most CeSF2 (RNAi) embryos showed aberrant morphology in late embryogenesis (Fig. 5B) . They appeared to be at a twofold stage of elongation. The pharynx and digestive tract were present and the embryos were capable of twitching. The primary effect of CeSF2 (RNAi) on embryonic development has not yet been determined. Most embryos of ama-1 (RNAi) appeared to be arrested in early embryogenesis with no evidence of gastrulation (Fig. 5C ). This ®nd-ing was consistent with a previous report regarding ama-1 (RNAi) using antisense-RNA (Powell-Coffman et al., 1996) . These results indicated that spk-1 and CeSF2, in addition to ama-1, are essential for embryogenesis. Differences in the terminal phenotype of spk-1 (RNAi) and CeSF2 (RNAi) may be due to functional redundancy among SR proteins, which may also serve as substrates for SPK-1.
spk-1 (RNAi) sterile adult hermaphrodites are affected in germline development
Typical morphology of the spk-1 (RNAi) sterile animals is shown in Fig. 5 . A normal U-shaped gonad contains more than 500 germ nuclei in the distal arm, diakinesis-stage germ nuclei in the proximal arm, sperm in a spermatheca and fertilized embryos in the uterus (Fig. 5D,E) . In contrast, neither fertilized embryos nor maturing gamates were observed in spk-1 (RNAi) sterile adults (n 57) (Fig. 5F±I) . Optical morphology of vulvae, uteri and spermathecae, however, appeared normal in these animals (Fig. 5F,H) . Some animals had small U-shaped gonads containing up to approximately 200 germ nuclei with aberrant morphology (n 17) (Fig.  5F,G) . In these cases, germ nuclei were occasionally observed in both distal and proximal arms. Spermatocytelike nuclei or diakinesis-stage oocytes, however, were scarcely observed (Fig. 5F,G) . The other animals exhibited small, scarcely traceable gonad arms with few germ nuclei (n 40) (Fig. 5H,I ). Therefore, sterility of spk-1 (RNAi) appeared to be due to defects in germline proliferation and/or maintenance and subsequent gametogenesis.
RNAi of spk-1 by soaking L1 larvae also affected germline development
In order to con®rm the requirement of spk-1 in germline development at the post-embryonic stage, L1 larvae were soaked in dsRNA solution (L1soakRNAi) intending to prevent embryonic lethality. The method was also applied to ama-1 and glp-1, a gene essential for embryogenesis as a class II maternal RNA (Seydoux and Fire, 1994; Evans et al., 1994) and for signal transduction in germline proliferation (Austin and Kimble, 1987; Austin and Kimble, 1989; Kodoyianni et al., 1992; Crittenden et al., 1994) . Results are summarized in Table 1 . ama-1 (L1soakRNAi) animals survived; however, most of these were arrested at the L1 stage (Table 1) . This ®nding was consistent with the result found for a-amanitin treatment (Sanford et al., 1983) and the phenotype of animals homozygous for the de®ciency (Rogalski and Riddle, 1988) . On the other hand, more than 50% of the glp-1 (L1soakRNAi) animals developed into (Table 1) with few germ nuclei (data not shown). This result was compatible with shift-up experiments using temperature-sensitive alleles (Kodoyianni et al., 1992) . The low penetrance may be due to a lower concentration of glp-1 dsRNA: soaking L4 animals in the same glp-1 dsRNA solution resulted in lower penetrance of F1 embryonic lethality (data not shown). These ®ndings suggested that L1soakRNAi effectively disrupted gene function during larval development, at least in certain cell types.
As expected from the results in Fig. 4 and glp-1 (L1soakR-NAi), most of the spk-1 (L1soakRNAi) animals developed into sterile adults, whereas most of the CeFS2 (L1soakRNAi) animals were normal (Table 1) . DAPI-staining of the germ nuclei of sterile spk-1 (L1soakRNAi) adults revealed underproliferation of the germline. The number of germ nuclei were variable, ranging from few to hundreds (data not shown). Normal sperm in spermathecae or diakinesis-stage oocytes in proximal arms were not observed despite the occurrence of dozens of aberrant condensed nuclei in some gonads.
L1soakRNAi was next applied to RNAi-de®cient mutants (Tabara et al., 1999b) in order to further characterize the effect of spk-1 (RNAi). All mutant strains tested, including rde-1, rde-2 and rde-3, showed resistance to spk-1 (L1soakR-NAi) (Table 2 ). This observation suggested that the characteristic phenotypes of spk-1 (L1soakRNAi) were caused by common RNAi mechanisms. The results obtained from L1soakRNAi con®rmed that spk-1 is required for germline development in the post-embryonic stage.
spk-1 is also required for germline development in males
RNAi was performed against him-5 (e1490), a mutant C. elegans strain which spontaneously generates male progeny at a high frequency (33%) (Broverman and Meneely, 1994) (Fig. 6A) , in order to assess the effect of spk-1 silencing in male animals. Of progeny of the animals injected with buffer, approximately one third showed embryonic lethality. Approximately two thirds of surviving animals were fertile Fig. 6 . Phenotype analyses of him-5; spk-1 (RNAi). (A) Time course analyses of F1 progeny phenotypes for him-5 and him-5; spk-1 (RNAi). L4 stage hermaphrodites of him-5 (e1490) were injected with buffer or spk-1 dsRNA solution. The phenotypes of F1 progeny were then analyzed and the results displayed as described in Fig. 4 . Hatched bars represent the proportion of males. (B) Functional analyses of male mating ef®ciency (ME). Young adult males were allowed to mate with four young adult fem-2 (b245ts) females (raised at 258C), capable of producing only oocytes. Male mating ef®ciency was scored as the number of the progeny sired within 48 h. Black bars, him-5; spk-1 (RNAi) (N 27); Gray bars, him-5 males from buffer-injected control (N 76). Approximately 20% of untreated him-5 (e1490) males exhibited sterility in this assay (data not shown).
hermaphrodites. The remaining animals were male. Upon subtraction of the spontaneous embryonic lethality background, him-5; spk-1 (RNAi) displayed two properties: i) the proportion of embryonic lethality gradually increased along time windows and ii) approximately two thirds of the hatched progeny were sterile hermaphrodites whereas the remainder were males in all time windows. These ®ndings were compatible with the results observed for wild-type strains (Fig. 4A) . Furthermore, the data indicated that embryonic lethality by spk-1 (RNAi) was not dependent on the sex of F1 progeny.
The mating ef®ciency (ME) of surviving him-5; spk-1 (RNAi) males was tested by functional assay (Fig. 6B) . him-5; spk-1 (RNAi) males showed a higher penetrance of sterility (26/27) than control him-5 males (14/76). However, the mating behavior of him-5; spk-1 (RNAi) males appeared normal. A normal him-5 male possesses a single U-shaped gonad ®lled with germ nuclei (Fig. 7A,C) . In contrast, the gonads of him-5; spk-1 (RNAi) males were small and contained reduced numbers of germ nuclei (usually less than 50). No mature sperm were observed (Fig. 7B,D) . The morphology of the gonad and germ nuclei in sterile him-5; spk-1 (RNAi) hermaphrodites (data not shown) was quite similar to that seen for wild-type background (Fig. 5) . These results demonstrated that spk-1 RNAi equally affected hermaphrodites and males and that sterility resulted due to reduced numbers of germ nuclei and the absence of gametogenesis.
Discussion
3.1. spk-1 is required for germline development in both hermaphrodites and males spk-1 (RNAi) resulted in marked reduction in the number of germ nuclei in both hermaphrodites and males in early time windows (Figs. 4±7) . We showed that spk-1 (L1soak RNAi) caused underproliferation of germline and defects in gametogenesis (Table 1 ). In addition to RNAi experiments, we have mutagenized and screened a deletion mutant within the spk-1 gene. Homozygotes of the mutant allele derived from heterozygous hermaphrodites do not display embryonic lethality; however, these homozygotes develop into sterile adults (H.K., unpublished observation). Sterility of spk-1 homozygotes strongly supports the conclusion that spk-1 is required for germline development in C. elegans, including proliferation, maintenance and gametogenesis.
Some RNA-binding proteins, or proteins involved in RNA processing, are known to be important in C. elegans germline development. For example, RNAi of CeSMN, a C. elegans orthologue of the mammalian SMN gene which plays a role in the assembly of snRNP, has been demonstrated to cause embryonic lethality and multiple defects, including sterility in the survivors (Miguel-Aliaga et al., 1999) . Recent studies revealed that daz-1, encoding an RNP-type RNA binding protein, is required for oogenesis (Karashima et al., 2000) . spk-1 may function as a regulator of RNA processing during germline development.
3.2. Maternal spk-1 is required for embryogenesis spk-1 (RNAi) against L4 larvae resulted in either sterility or embryonic lethality in F1 progeny. Despite the consistency of RNAi effects and the display of high penetrance in previous studies , we demonstrated the occurrence of time-dependent biphasic phenotypes for spk-1 (RNAi) (Figs. 4 and 6A) . RNAi of other maternally expressed/supplied genes is known to result in severer phenotypes than mutants. For example, embryos of mDf10, which lack a genomic region including the ama-1 gene, developed to the L1 stage (Rogalski and Riddle, 1988) , whereas the presence of ama-1 (RNAi) resulted in early embryonic arrest ( Fig. 5C ; Powell-Coffman et al., 1996) . RNAi of pos-1 gene caused embryonic lethality in F1 progeny. pos-1 mutants showed maternal-effect lethality (Tabara et al., 1999a) . These facts indicate that RNAi generates rapid and ef®cient inactivation of maternally expressed genes, which would be also the case for spk-1. Consistent biphasic properties of spk-1 (RNAi), observed through soaking at increasingly higher dsRNA concentrations (Fig. 4B) , further support the premise that spk-1 was suf®ciently silenced. Avoidance of lethality by the spk-1 (RNAi) embryos in early time windows and by the homozygous spk-1 mutant (H.K. unpublished observation) may be attributed to the presence of maternally supplied SPK-1 proteins. We conclude, from the embryonic lethality evident in our RNAi experiments, that maternal spk-1 is required for embryogenesis.
Evolutionary conservation of SRPKs and SR proteins
C. elegans possesses a single SRPK gene and six of eight SR proteins found in mammals. We demonstrated the conservation of molecular structure and biochemical properties of SRPKs and SR proteins between vertebrates and nematodes. For instance, the RS-domain of CeSF2 mediates proteinprotein interaction with and is preferentially phosphorylated by SPK-1. The binding properties may also be modulated by phosphorylation as observed in mammalian SRPK1 and SF2/ ASF (Wu and Maniatis, 1993; Kohtz et al., 1994; Koizumi et al., 1999) . Although the function of SPK-1 in C. elegans may not directly correlate to the physiological role of mammalian SRPKs, some molecular mechanisms involving SRPKs may be evolutionarily conserved.
Recent completion of the sequencing of the Drosophila melanogaster genome revealed the presence of a single SRPK-like gene (Adams et al., 2000) . In human and mouse, two SRPK types, SRPK1 and SRPK2, have been cloned (Gui et al., 1994a; Kuroyanagi et al., 1998; Wang et al., 1998) . Northern analyses revealed that SRPK1 expression is ubiquitous in all tissues. In contrast, SRPK2 is speci®cally expressed in gonadal organs (Kuroyanagi et al., 1998) . SPK-1 plays multiple roles in C. elegans which may be ®lled separately by individual SRPKs in mammals.
fusion proteins were prepared as described by Koizumi et al. (1999) . Notable exceptions to this method include the use of E. coli JM109 and dialysis against storage buffer (20 mM HEPES-KOH pH 8.0, 0.1 M KCl, 0.2 mM EDTA, 1 mM DTT, 0.5 mM PMSF and 5% glycerol).
In vitro kinase assay
Recombinant His-SPK-1 and substrate proteins were incubated in 20 ml of kinase buffer (Koizumi et al., 1999) with 5 mCi of [g 32 P]-ATP for 30 min at 308C. The reactions were then subjected to a standard SDS-PAGE on a 12.5% polyacrylamide gel. Phosphorylation signals were detected and analyzed by BAS-2000 (Fuji Film, Tokyo, Japan) or X-AR ®lm (Kodak, Rochester, NY).
GST pull-down kinase assay
Recombinant His-SPK-1 was incubated with GST-CeSF2 or GST-CeFS2 truncation mutants in 1 ml of PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 and 1.4 mM KH 2 PO 4 ) for 1 h at 48C. Glutathione-Sepharose 4B (Pharmacia, Uppsala, Sweden) was added and mixed for 30 min at 48C. The beads were washed with cold PBS (®ve washes £ 5 min/ wash) followed by resuspension in 20 ml of kinase buffer. After incubation with 3 mg of 6£ His-tagged CeSF2 and 5 mCi of [g 32 P]-ATP for 30 min at 308C, phosphorylation signals of His-CeSF2 were detected as described above.
Nematode strains and culture
Nematodes were cultured as described by Brenner (1974) . The Bristol strain N2 was used as the standard wild-type strain. Unless otherwise noted, all cultures were performed at 208C. him-5 (e1490) was obtained from Dr Shohei Mitani, TWMU, Japan. N2, glp-4 (bn2), rde-1 (ne219), unc-32 (e189) III; rde-1 (ne219) V, rde-2 (ne221), rde-3 (ne298) and fem-2 (b245) were provided by the Caenorhabditis Genetics Center.
Whole-mount in situ hybridization
In situ hybridization for whole-mount animals was performed as described by Ogawa et al. (1998) . A PstI fragment of SPK-1 cDNA yk383b (nt 1±1147) (Fig. 1A) was subcloned in pBluescript II SK(-) in order to construct SPK-1 N-term/pBS. CeSF2 probes derived from a full-length cDNA fragment (nt 1±809) were cloned in pGEM-T Easy Vector (pGEM-CeSF2). The riboprobes were transcribed in vitro and labeled with digoxigenin-UTP. Hybridization was performed at 608C overnight.
Northern hybridization
Total RNA was prepared using RNeasy Mini Kit (QIAGEN, Bothell, WA). RNAs were electrophoresed on formaldehyde 1.2% agarose gel and transferred to Hybond-N1 membrane (Amersham Pharmacia Biotech, Uppsala, Sweden). Fluorescein-labelled DNA probe was prepared from SPK-1 cDNA fragments of SPK-1 N-term/pBS using Gene Imagese (Amersham Pharmacia Biotech, Uppsala, Sweden). Hybridization and detection were performed using a Gene Imagese CDP-Stare detection module and Hyper®lme-ECL (Amersham Pharmacia Biotech, Uppsala, Sweden).
RNA interference
RNAi employing double-stranded RNA was performed essentially as described by Fire et al. (1998) . spk-1 and CeSF2 RNAs were derived from SPK-1 N-term/pBS and pGEM-CeSF2, respectively. ama-1 RNAs correspond to nt 1±1276 of AMA-1 ORF. glp-1 RNAs correspond to nt 53± 938 of GLP-1 ORF. The amounts and quality of generated RNA were estimated by ethidium bromide-staining on agarose gel following standard electrophoresis. RNA solutions utilized for microinjection were prepared in TE (10 mM TrisHCl pH 7.5 and 1 mM EDTA) buffer and injected as described by Mello et al. (1991) . The soaking protocol involved dissolution of RNAs in soaking buffer (A. Sugimoto, personal communication). Treatment was as described by Tabara et al. (1998) .
Soaking of the L1 animals was performed as follows. Synchronized L1 animals were harvested and washed. Two-microlitre aliquots of the L1 animal suspension were then mixed with 4 ml of dsRNA solution. The resulting mixture was incubated for 30 h at 208C. Animals were recovered and cultured on an NGM plate.
DAPI staining and optical observation
Worms were sequentially treated with methanol, acetone and 1 mg/ml DAPI solution. Microscopic observation was performed under an Olympus microscope equipped with Nomarski differential interference contrast (DIC) and epi¯uorescence optics integrated with an LSC101 system. Images were acquired with a color chilled CCD camera (Olympus, Tokyo, Japan). 
